Ni-Mo nanocrystalline deposits (7-43 nm) with a nodular morphology were prepared by electrodeposition using direct current from citrate-ammonia solutions. They exhibited a single Ni-Mo solid solution phase. The size of the nodules increased as electroplating current density increased. The molybdenum content-estimated using EDX analysis-in the deposits decreased from about 31 to 11 wt% as the current density increased from 5 to 80 mA·cm −2 . The highest microhardness value (285 Hv) corresponded to nanodeposits with 23% Mo. The highest corrosion resistance accompanied by relatively high hardness was detected for electrodeposits containing 15% Mo. Mo content values between 11 and 15% are recommended for obtaining better electrocatalytic activity for HER.
Introduction
Ni-Mo deposits have been well known for their use as cathodes for hydrogen production from water by electrolysis as well as catalysts for hydrogen production by steam reforming of hydrocarbons [1] .
Arul Raj and Venkatesan [2] showed an increased electrocatalytic effect of Ni-Mo electrodeposited alloys for the hydrogen evolution reaction than that showed by nickel and other nickel-based binary alloys such as Ni-Co, Ni-W, Ni-Fe, and Ni-Cr. In addition, Ni-Mo alloys are considered as highly corrosion resistant due to the good corrosion protection characteristics of molybdenum in nonoxidizing solutions of hydrochloric, phosphoric, and hydrofluoric acid at most concentrations and temperatures and in boiling sulfuric acid up to about 60% concentration [3] . The nickel-molybdenum alloys normally containing 26-35 wt% Mo are among the few metallic materials that are resistant to corrosion by hydrochloric acid at all concentrations and temperatures [4] .
RF magnetron sputtering, mechanical alloying, and electrodeposition techniques are employed in the production of nanocrystalline Ni-Mo alloys. Huang et al. [5] reported that these alloys prepared by RF magnetron sputtering technique were to be promising electrodes for hydrogen evolution reactions. Nanocrystalline Ni-Mo alloys have been successfully produced using mechanical alloying method according to Kedzierzawski et al. [6] , indicating the positive contribution of the large surface area in increasing the catalytic effect as electrodes for hydrogen production and decreasing the exchange current density.
Electrodeposition is one of the most promising techniques for producing nanostructure materials owing to its relative low cost compared to the other methods. Electrodeposition produces nanocrystalline materials when the deposition parameters (e.g., plating bath composition, pH, temperature, current density, etc.) are optimized such that electrocrystallization results in massive nucleation and reduced grain growth [7, 8] . Due to better anticorrosive in several aggressive environments, mechanical and thermal stability characteristics of Ni-Mo alloys, the electrodeposition of these alloys plays an important role. It is an example of the induced codeposition mechanism [9] .
With the aim of describing the Ni-Mo electrodeposition mechanism, many investigations have been carried out and several hypotheses have been proposed. Clark et al. [8] have proposed a Ni-Mo electrodeposition mechanism based on a gradually (step by step) molybdate reduction to Mo (IV) oxide by Ni (II) species forming MoO 2 Ni 4 that further is [12] have investigated the deposition of NiMo alloys from citrate bath (pH 4). The deposition of Ni-Mo alloys from another plating bath pyrophosphate-ammonium chloride (pH 8.5) has been performed by Donten et al. [13] .
Only a few papers were devoted to the morphological and phase characterization of Ni-Mo nanodeposits. Also the stability of such deposits in strongly alkaline media is of great importance [14] .
The aim of this paper is the electrodeposition and physical-chemical characterization of nanocrystalline Ni-Mo alloys. The effect of changing the plating current density on the morphology, chemical composition, mechanical, corrosion, and electrochemical properties of deposited layers will be studied.
Experimental Techniques
The Ni-Mo coatings were deposited on 2 cm × 2 cm × 0.07 cm steel coupons delivered from Clas Ohlson, Sweden. The chemical composition of these coupons is presented in Table 1 . They were subjected to grinding up to grit 1000 and polishing using silica suspension, this was followed by ultrasonic cleaning in acetone and after that in ethanol for 10 minutes each. The coupons were then degreased using a solution containing 30 g/liter of sodium carbonate (Na 2 CO 3 ) and 30 g/liter of sodium triphosphate (Na 5 P 3 O 10 ). Finally, an acid pickling treatment was performed by dipping the samples in 75% conc. HCl to remove any oxide particles or scale, at room temperature. The other side of the coupons was covered with nonconducting, chemically resistant adhesive.
The anode was made of 5 cm × 5 cm × 0.635 cm nickel plate (99.5% Ni) supplied by Alfa Aesar, Germany. The anode and the cathode were connected to a source of electricity as positive and negative poles, respectively.
Based on previous work of Chassaing et al. [15] , the samples were electroplated using an electrolytic bath containing hydrated nickel sulfate, sodium molybdenum, and sodium citrate ( Table 2 ). All the salts used were supplied from Sigma Aldrich, Sweden. The temperature was 298 K, and the pH of the bath was 9.5.
During deposition process, the bath was mechanically stirred (350 rpm), using a magnetic stirrer. Different plating current densities have been applied, namely, 5, 10, 20, 40, and 80 mA/cm 2 , with total quantity of charge (Q) = 50 C/cm 2 . Microhardness test was conducted using microhardness tester machine (Shimadzu Hardness tester HMV-2T) with a load of 1.9 N. The roughness measurements (Rq) were performed using MITUTOYO surftest 301 device, with a percentage of error equal to ±10%.
Potentiodynamic polarization measurements were conducted using a standard three-electrode cell with the coated samples as working electrode, Pt as auxiliary electrode, and saturated calomel electrode as reference electrode. Only 0.2 cm 2 of the Ni-Mo samples surface was subjected to 0.5 M NaOH electrolyte at 25
• C. This cell was connected to Voltalab 10 (PGZ100) device working at scanning rate 0.5 mV/sec and at scanning range from −1000 to −100 mV. Corrosion rate (mm/y), corrosion potential E corr (mV), and Tafel slope were calculated using Tafel extrapolation technique offered by Volta Master 4 software.
The electrocatalytic behavior of Ni-Mo nanocrystalline electrodeposited alloys, for hydrogen evolution reaction (HER), has been evaluated by two methods. The first method [14] is the comparison of the potential of different Ni-Mo electrodeposited nanocrystalline alloys recorded at constant current density of −0.04 mA/cm 2 in linear polarization curves (I-V). The second method [16] is the comparison of the slope of the cathodic region of Tafel polarization curves (β cathodic). Figure 1 illustrate different morphologies of Ni-Mo alloys Journal of Nanomaterials being electrodeposited on steel substrates depending on current densities. The SEM micrograph (Figure 1 (a)) taken at low magnification (1 Kx) of samples deposited at current density of 5 mA/cm 2 showed the existence of microcracks. Generally, the obtained layers were characterized by a nodular morphology. In addition fine particles embedded in larger nodules and grain boundaries could be easily identified. The size of the nodules was dependent on the applied plating current density. The size of the nodules became coarser as electroplating current density increased as shown in Figures 1(b) , 1(c), and 1(d), taken at high magnification (50 Kx). Figures 1(e) and 1(f) represent a highly rough surface morphology for Ni-Mo nanolayers electrodeposited using a current density of 80 mA/cm 2 , at low (1 Kx) and high (50 Kx) magnifications, respectively.
Results

Microstructure Analysis. SEM micrographs represented in
Cross-section SEM investigations (Figure 2 (a)) confirmed the formation of cracked surface for Ni-Mo nanodeposits prepared using a current density of 80 mA/cm 2 and containing 31% Mo. Meanwhile, homogeneous, compact, and crack-free deposits were detected for lower Mo contents. 
EDX Analysis. The chemical analysis of Ni-Mo alloys
electrodeposited by various applied current densities was carried out by EDX using area analysis. There was a strong influence of the current density on the molybdenum content obtained in such deposits. From Figure 3 , by increasing the current density from 5 to 80 mA/cm 2 , the molybdenum content in the deposits was reduced from about 31 to 11 wt%.
XRD Characterization.
XRD technique was applied to determine the phases presented in the electrodeposited films as well as their crystallite size. According to literature [17] [18] [19] , the characteristic diffraction peaks for the face-centeredcubic Ni-Mo solid solution phase are at 2θ = 43-44
• , 51
• , 74-75
• , 92-93
• , and 97-98
• , which corresponds to the following planes: (111), (200), (202), (311), and (222), respectively. Figure 4 showed that the 43-44
• peak was the common one for all samples. This indicates that all the electrodeposited Ni-Mo films were composed of one-phase Ni-Mo solid solution of face-centered-cubic structure. For the films being deposited at low current density, XRD diffraction lines were increasingly broadened and their intensities decreased, whereas the (111) preferred orientation became more pronounced. This indicated that by decreasing the plating current density, the degree of crystallinity decreased and the films exhibited a quasiamorphous structure. The diffraction patterns were wide at high content of Mo (31%), while being sharp at the lowest content of Mo (11%). In addition, the peaks corresponding to the planes (202) and (200) appeared indicating increasing the degree of anisotropy by decreasing Mo content from 31 to 11%Mo, with the (220) line being the most intensive.
The crystallite size, or more precisely the size of the coherent domains, was calculated from the line broadening using the Scherrer equation. Figure 5 illustrates the crystallite size of Ni-Mo electrodeposits as a function of the plating current density. The crystallite size increased from ∼7 to Journal of Nanomaterials ∼43 nm as the plating current density increased from 5 to 80 mA/cm 2 .
Roughness Measurements.
The roughness (Rq) of Ni-Mo deposits proved to be dependent on the current density, as shown in Figure 6 . The roughness values increased from 0.05 to 0.09 μm as a result of increasing the plating current density from 5 to 80 mA/cm 2 . There was about 80% increase in the roughness values of Ni-Mo electrodeposited nanocrystalline alloys, as the crystallite size increased from ∼7 to ∼43 nm.
Microhardness Measurements.
The microhardness values obtained at load 1.9 N for Ni-Mo nanodeposits are illustrated in Figure 7 as a function of crystallite size as well as molybdenum content. There was an increase in the microhardness of Ni-Mo alloys along with increasing the molybdenum content of the alloy. The maximum hardness (285VHN) was registered at Mo content of 23 wt%. This was followed by a decrease in the microhardness from 285 to 175 HVN as the molybdenum content was further increased reaching 31 wt%. Concerning the effect of crystallite size of these alloys, initially the micro-hardness values increased as the crystallite size of Ni-Mo alloys decreased from ∼43 to ∼10 nm. This was followed by a softening effect in the microhardness values by further crystallite size reduction down to ∼7 nm.
Corrosion Behavior.
The polarization curves for nanocrystalline electrodeposited Ni-Mo alloys with different molybdenum contents in a solution of 0.5 M NaOH are shown in Figure 8 . The corrosion properties (corrosion current, corrosion potential, and corrosion rate) are summarized in Table 3 .
The corrosion behaviour for Ni-Mo nanocrystalline alloys was dependent on two contradicting factors, namely, the molybdenum content and the grain size. The maximum corrosion rate (81.1 × 10 −3 mm/y) was obtained for deposits containing 31 wt% Mo. This observation was confirmed by SEM micrograph of that alloy after corrosion (Figure 9(a) ), where the surface was highly corroded.
The minimum corrosion rate was 4.751 × 10 −3 mm/y for the Ni-Mo nanocrystalline alloy containing 15 wt% Mo, having crystallite size of 14 nm. The corresponding SEM micrograph of this alloy did not show any corrosion product or deterioration in its surface as shown in Figure 9 (c).
An increase in the corrosion rate (8.275 × 10 −3 mm/y) was registered by further decreasing the Mo content down to 11% Mo. This trend was also observed in the SEM micrograph of Ni-Mo electrodeposits after corrosion, shown in Figure 9 (d).
Electrocatalytic Behavior.
The electrocatalytic activity of Ni-Mo nanocrystalline electrodeposits for hydrogen production has been evaluated by two methods. The first method [14] is the comparison of the potential of different Ni-Mo electrodeposited nanocrystalline alloys recorded at constant current density of −0.04 mA/cm 2 in polarization curves (I-V) shown in Figure 10 . The second method [16] is the comparison of the Tafel slope of the cathodic region of polarization curves (β cathodic) for the different Ni-Mo nanocrystalline electrodeposited alloys (Table 4) . According to Table 4 , the potential results (recorded at a current density of −0.04 mA/cm 2 ) showed that the minimum potential value was registered for the deposits with the highest surface roughness value (0.09 μm). Mo content values between 11 and 15% are recommended for obtaining low potential values and thus better electrocatalytic activity for HER.
The influence of the molybdenum content as well as the surface roughness for Ni-Mo nanocrystalline electrodeposited alloys on β cathodic values is clearly significant. By increasing the Mo content up to 15%, the value of β cathodic slope was reduced down to 79 mV/dec and an increase in the electrocatalytic behavior for hydrogen evolution was expected. The most significant factor for the electrocatalytic behavior of Ni-Mo alloys seemed to be the Mo content.
Discussion
Ni-Mo nanocrystalline electrodeposited alloys containing molybdenum content in the range of 11 to 31% were produced by changing the applied plating current density from 80 to 5 mA/cm 2 . Electrodeposition of Ni-Mo alloys is one of the examples of the induced codeposition mechanism as Mo cannot be electrodeposited alone; however, it could be codeposited like with Ni or other transitional metals of the iron group [20] .
As described by Podlaha and Landolt [10, 11] and verified by Zeng et al. [19] , codeposition of Ni-Mo takes place on multiple steps as shown in the reactions below:
The mechanism of induced codeposition of molybdenum with nickel involves an adsorbed Ni-Mo reaction intermediate (2) . In this case, [Ni(Cit)MoO 2 ] ads acts as a surfaceadsorbed intermediate, while citrate acts as a ligand connecting both Ni 2− and MoO 2− together. By increasing the current density, the reduction rate of Ni 2− ions is increased giving no chance for the surface adsorbed intermediate to be formed, thus, gaining less chance for Mo to be codeposited with Ni, and this leads to a reduction in the Mo content in the Ni-Mo alloys at high current densities [21] .
The surface of that nanolayer presented in Figure 1 (a) showed microcracks. These cracks could be attributed to the high internal stresses, resulting from higher Mo content in the deposited layers (31% Mo), exceeding the equilibrium values at R.T [22] . Another reason for the cracking surface is the hydrogen evolution reaction, which takes place during the electrodeposition process [21] .
X-ray diffraction (XRD) patterns for all nanolayers deposited at different current densities exhibited the facecentered-cubic structure of the Ni-Mo solid solution. Samples containing lower Mo content showed XRD patterns of sharpened and less broadened peaks. Those peaks got smaller in height and increased in broadening as the Mo content in the deposited layers increased. These results are in agreement with those of Chassaing et al. [13, 15] .
The crystallite size of Ni-Mo nanodeposits obtained at (111) XRD peaks was calculated using the Scherer formula. Figure 6 shows the crystallite size of Ni-Mo deposits as a function of the plating current density. A pronounced grain refinement is observed when applying low current density accompanied by a high Mo content (31 wt%). These results Journal of Nanomaterials are in agreement with those of Nee et al. [18] , who pointed out that the grain size in Ni-Mo deposits is directly related to their composition. The microhardness of Ni-Mo electrodeposited nanocrystalline alloys is in the range of 174-284 HVN. at a crystallite size of 7 nm. This softening phenomenon could be attributed to the high proportion of defect sites, that is, grain boundaries and triple junctions, in the nanocrystalline metals and alloys. The triple junction volume fraction displays greater grain size dependence than the grain boundary volume faction. In the range of 100 to 2 nm, the triple junction volume fraction increases by three orders of magnitude while the grain boundary fraction increases by a little over one order of magnitude, whereby increasing the triple junction content enhances the bulk ductility in polycrystalline materials [23, 24] .
Nanocrystalline metals and alloys usually experience deterioration while being used for catalytic activities as cathodes for hydrogen production from water electrolysis. Nanocrystalline Ni-Mo electrodeposited alloys were proved to be of more corrosion resistance in NaOH solution than that of steel substrate as shown in Table 3 . The corrosion behaviour for Ni-Mo nanocrystalline alloys was dependent on three contradicting factors: the molybdenum content, surface roughness, and the grain size.
The increase in the Mo content in the Ni-Mo alloys increases the intrinsic corrosion resistance, but it leads to grain size refining. Hence, the fraction of intercrystalline regions increases, which has an opposite deteriorating effect [21, 25] .
The increase of the intrinsic corrosion resistance of NiMo alloys resulting from the increase of Mo content in the alloys could be due to the formation of oxide film. This film protects the coating from further dissolution, and the higher the Mo content the more stable the oxide film [26] .
According to the corrosion results in Table 3 , it is shown that the alloy with the highest Mo content records the least negative corrosion potential value (E corr = −294.2 mV), indicating the formation of a stable passive layer compared to the rest of Ni-Mo alloys. However, that alloy recorded the highest corrosion rate (81 × 10 −3 mm/Y) compared to the rest of the Ni-Mo electrodeposited alloys. This high rate of corrosion could be due to the cracks presented in the surface and also due to the fine grains (7 nm).
At crystallite size <14 nm, the effect of increasing crystallite size on improving corrosion rate was more pronounced than the effect of reducing Mo content of Ni-Mo deposits. Meanwhile, at crystallite size >14 nm, the effect of reducing Mo content on increasing corrosion rate was more pronounced than the effect of increasing crystallite size of Ni-Mo nanodeposits. This trend is also being observed in the SEM micrographs of the Ni-Mo nanocrystalline electrodeposited alloys after corrosion shown in Figure 9 . The increase in corrosion rate was also attributed to increasing the degree of anisotropy (Figure 4) , as well as increasing the surface roughness (Figure 6 ), resulted from the reduction of Mo content from 31 to 11% Mo.
According to Sriraman et al. [27] , nanocrystalline-nickelbased alloys show high corrosion rates due to the higher grain boundary and triple junction content, which provide sites for electrochemical activity.
The electrocatalytic activity of Ni-Mo nanocrystalline electrodeposited alloys for hydrogen evolution was evaluated by two methods described previously. Both methods confirmed that the Ni-Mo electrodeposited alloy containing 15% Mo has the lowest potential (∼ −0.9 V) at a constant current of −0.04 mA/cm 2 , as well as the lowest Tafel slope for cathodic region (79 mV/dec). The increase of Mo content and the increase of roughness are the main factors for increasing the electrochemical activity of Ni-Mo alloys for HER. This explanation has been demonstrated by Arul Raj and Venkatesan [28] , Divisek et al. [29] , and Nee et al. [18] , who were able to show the exact behaviour of Ni-Mo alloys prepared by different methods. The synergetic effect of NiMo, investigated by Highfield et al. [16] , has been ruled out.
The electrocatalytic behaviour for HER being evaluated based on the Tafel slope values was more reliable that taken from the measurements of the over potential values at a constant current density. This is due to the fact that the value of the current density taken here is by far much lower than the current density being employed industrially for hydrogen production from water electrolysis as examined by Krstajić et al. [14] .
Conclusions
(1) Electrodeposition of nodular nanocrystalline Ni-Mo alloys exhibiting one-phase Ni-Mo could be carried out using a bath of nickel sulfate, sodium molybdate, and sodium citrate.
(2) Increasing the applied current density led to a decrease of the molybdenum content in the deposited alloys, increase in crystallite size, and increase of the surface roughness.
(3) The highest microhardness value (284 Hv) corresponded to Ni-Mo nanodeposits with 23% Mo and crystalline size equal to 10 nm.
(4) The highest corrosion resistance accompanied by relatively high hardness was detected for Ni-Mo electrodeposits containing 15% Mo.
(5) The maximum catalytic effect for hydrogen production was obtained for Ni-Mo electrodeposits containing 15% Mo.
